The formal [3+3] cyclization of 1,3-bis(silyloxy)-1,3-butadienes with 2-aryldiazenyl-3-silyloxy-2-en-1-ones afforded a variety of functionalized diaryl-diazenes.
Introduction
In 1995, 800.000 t of organic dyes were produced every year. Half of this amount is based on azo compounds which can be used to realize various kinds of colors and show excellent pigment properties [1] . Chrysoidin, developed in 1875, represents the first synthetic azo dye which is still used today for coloring paper (Fig. 1) . The bis-azo dyes Naphthol Blueblack 6B and Kongo Red are used for textiles [1] . Azo dyes are also used in analytical chemistry. For example, methyl orange is used as an indicator. The use of azo compounds, such as Butter Yellow or Brown FK (E154), as food dyes is limited by their toxicity. For example, Druckrey was the first to show that Butter Yellow can cause liver cancer. This resulted in prohibition of this dye for food industries as early as in 1938 [2, 3] . More recently, diaryl-diazenes have been shown to be interesting lead structures in medicinal chemistry. Pharmacologically active derivatives include, for example, the salicylate-derived diazene A (Fig. 1 ) which exhibits anti-cancer, cytotoxic, apoptosis-inducing, antiallergic, antihistaminic, and protein-binding activity.
It inhibits the release of leukotriene B 4 , thromboxane B 2 , and prostaglandin and shows interesting transport properties in vivo [4] . Diazene B, the dye Alizarin Yellow R, shows inhibition of amyloid fibril formation [5 -9] .
Diaryl-diazenes have been prepared by electrophilic substitution reactions of benzene derivatives with aryldiazonium salts. Despite the general usefulness of this method, the synthesis of highly substituted and functionalized derivatives is problematic, due to the formation of mixtures of ortho/para regioisomeres and due to the limited availability of the required starting materials. Instead of the formation of a C-N bond, diaryl-diazenes have also been prepared by formation of two C-C bonds based on cyclization reactions of diazene-containing building blocks. The cyclization of 2-aryldiazenyl-1,3-diones with guanidine [10] , sulfuryl diamide [11] , hydroxylamine [12] , hydrazines [13, 14] , hydrazides [15] , and anilines [16] afforded various aryl-hetaryl-diazenes [18 -21] . Recently, we reported preliminary results [22] related to the first synthesis of functionalized diaryl-diazenes, containing two benzene moieties, based on a building block approach. These reactions, which rely on the formal [3+3] cyclization of 2-aryldiazenyl-3-silyloxy-2-en-1-ones with 1,3-bis(silyloxy)-1,3-butadienes [23] , allow for a convenient synthesis of salicylate-derived diazenes which are not readily available by other methods. Herein, we wish to report full details and a study related to the preparative scope.
Results and Discussion

Synthesis
The reaction of pentane-2,4-dione with various anilines, following a known procedure [17] , afforded the 2-aryldiazenyl-1,3-diones 1a-m (Scheme 1, Tables 1A  and 1B) . Derivatives 1c-e, g, m are new. The silylation of 1a-m gave the 2-aryldiazenyl-3-silyloxy-2-en-1-ones 2a-m. The TiCl 4 -mediated reaction of various 1,3-bis(trimethylsilyloxy)-1,3-butadienes with 2a-m, readily available from the corresponding 1,3-dicarbonyl compounds [24 -28] , afforded the diaryldiazenes 3a-ao. During the optimization, it proved to be important to carry out the reaction in a highly concentrated solution. The products are formed by TiCl 4 -mediated attack of the terminal carbon atom of the 1,3-bis(trimethylsilyloxy)-1,3-butadiene onto the 3-silyloxy-2-en-1-one, cyclization via the central carbon atom of the diene onto the carbonyl group, and aromatization. The yields of the products were in the range of 12 -66 %. The low yields can be explained by incomplete conversion and by TiCl 4 -mediated oxidative dimerization of the diene, which is a known process [27, 28] . In addition, the difficult chromatographic purification resulted in a decrease of the yield in many cases. The base-mediated cyclization of 3h afforded chromane 4 in 76 % yield (Scheme 2). Scheme 1. Synthesis of diaryl-diazenes 3a-aq.
Solid-state structures
The structures of several products in the solid state were studied by X-ray crystal structure analyses. Table 2 shows crystal data. All compounds show intramolecular hydrogen bonds also contained in Table 2 . For those compounds, where the hydroxyl protons were not refined freely, the distances to the carbonyl oxygen atoms are given without standard deviation [29, 30] . In Table 2 distances between the hydrogen donor and acceptor oxygens are given because the determination of the exact positions of the hydrogen atoms is unreliable (see also the section Crystal Structure Determination). as also reported [36, 37] for azo-benzene (d(N-N) = 1.171 -1.243 Å) ( Table 3 ). The C-N bond lengths are also in the range as reported for azobenzene (d(C-N) = 1.433 -1.472 Å) [32] . In all cases, the azo group exists in the thermodynamically favored E-configuration ((C-N-N-C) ∼ 180 • ). The torsion angles to the azo-phenyl group are quite different Scheme 2. Synthesis of chroman 3ar.
and vary in the range of (N1-N2-C-C) = 0.2 -26.8 • . The largest angle is observed for diazene 3d. The azo phenyl moiety and the salicylate moiety are orthogonal to each other (= 90 • ) (Fig. 2) . This structure is stabilized in the crystal lattice by intermolecular short contacts between a hydrogen atom of the azophenyl group and an oxygen atom of the hydroxyl group of a neighboring molecule (d(C-H···O) ∼ 2.5 Å) with a distance of the hydrogen donor and acceptor atoms (d(C15···O3*) = 3.257 Å. Related structures are found for derivatives 3am and 3q (Figs. 3, 4) . Table 3 shows selected bond lengths and torsion angles (d in Å, in deg).
To study the importance of π stacking in the crystal structures, the shortest intermolecular distance between the phenyl groups were inspected for all compounds ( Table 4 ). The angles between the planes of the rings were not taken into consideration. The shortest distance d min = 3.645 Å is observed for derivative 3a (Fig. 5) . In general, the π stacking is stronger for derivatives containing a hydrogen atom located next to the hydroxyl group (3a, 3i, 3q, 3an) as compared to those containing a hydrogen atom next to an alkyl group located (3d, 3am), presumably due to the steric effect of the latter. However, for all products the π-stacking effects are not predominant for the structure of the crystal lattice because of the relatively large dis- tances [33 -37] . The intra-and intermolecular hydrogen bonds are more relevant (vide infra). The structure of 3an is shown in Fig. 6 . The unit cell contains two independent molecules, with the second molecule disordered. The structural parameters of both molecules differ greatly from each other and are discussed separately. In both molecules intramolecular hydrogen bonds were found. In molecule 1 the distance between the hydrogen donor and acceptor oxygen atoms is d(O3···O1) = 2.528 Å. For molecule 2 (disordered) the values are d(O6a···O4a) = 2.668 Å (major occupancy) and d(O6b···O4b) = 2.49 Å (minor occupancy). The difference of the d(O···O) values for the two molecules of 3an is due to the carboxyl group, which is not in the aromatic ring plane for molecule 2 [molecule 1: (C2-C1-C7-O1) = +4.9 • , molecule 2: (C18a-C17a-C23a-O4a) = +31.1 • (major occupancy) and (C18b-C17b-C23b-O4b) = −16 • Fig. 3 . ORTEP plot of the molecular structure of 3am in the solid (displacement ellipsoids at the 50 % probability level; hydrogen atoms as spheres with arbitrary radius).
1.259 (2) The structure of 3ar was also studied by X-ray crystal structure analysis (Fig. 7) . The heterocyclic ring is disordered in the solid state.
The puckering parameters [39] of the sequence O3-C2-C3-C11a-C12a-C13a (heterocyclic ring) are Q = 0.478(7) Å, θ = 128.2(7) • and φ = 85.4 (9) • . This results in a conformation between 6 H 5 (H = semi-chair) and 6 S 5 (S = screw-boat) [40] . 
Spectroscopic studies
For all products, intramolecular hydrogen bonds are present in solution as indicated by the lowfield shifts in the 1 H NMR spectra in the range of δ = 11.09 -11.51 ppm (CDCl 3 ). UV/Vis spectroscopic studies were carried out in dichloromethane. All products show three bands. The spectrum of 3a is discussed in detail as an representative example for all other derivatives (Fig. 9 ). The first absorption (λ = 228 nm, ε max = 18468) with a shoulder at λ = 250 nm and the second absorption (λ = 334 nm, ε max = 16 195) can be assigned to the π →π* transitions of the molecule. Azo compounds usually exhibit low lying (n,π*)-electronic states which are coupled to other (lower) energy states. The weak third absorption located at λ = 457 nm (ε max = 568) can be assigned to such coupled n → π* transitions. A systematic influence of the substituents on the absorptions was not observed.
Pharmacological activity
The cytotoxicity of three derivatives were studied using the immortalized human keratinocyte cell line HaCaT. The incubation with the test compounds was carried out for three days, with several parallel experiments and the results confirmed by two independent screenings. At a high concentration of 100 µ M all compounds showed a weak (3al) or strong (3e and 3am) cytotoxicity. The IC 50 values of 3e and 3am were 44.5 µ M und 63.8 µ M, respectively. At lower concentrations (< 12.5 µ M) the compounds proved to be nontoxic. The presence of chlorine atoms plays a minor role for the cytotoxicity. In contrast, the presence of the substituent located next to the hydroxyl groups, as present in case of 3e and 3am, seems to be advantageous for the cytotoxicity.
Conclusions
In conclusion, we have reported formal [3 + 3] cyclizations of 1,3-bis(silyloxy)-1,3-butadienes with readily available 2-aryldiazenyl-3-silyloxy-2-en-1-ones. These reactions provided a convenient approach to various functionalized diaryl-diazenes which are not readily available by other methods. The structures in solution and in the solid state were studied in detail.
Experimental Section
General comments
All solvents were dried by standard methods, and all reactions were carried out under an inert atmosphere. For 1 H and 13 C NMR spectra the deuterated solvents were used as indicated. Mass spectrometric data (MS) were obtained by electron impact ionization (EI, 70 eV), chemical ionization (CI, isobutane) or electrospray ionization (ESI). For preparative-scale chromatography silica gel 60 (0.063 -0.200 mm, 70 -230 mesh) was used.
General procedure for the synthesis of 3-aryldiazenyl-4-hydroxy-pent-3-en-2-ones 1a-m
To a solution of the aniline (0.02 mol) in 4.3 mL of hydrochloric acid was slowly added 0.02 mol of NaNO 3 (dissolved in 2.4 mL of water) at −5 • C. To the mixture was added 0.15 mol of NaOAc dissolved in 75 mL of water and 75 mL of ethanol at 0 • C. Subsequently, 0.02 mol of acetylacetone was added, and the solution was stirred for 15 min. A precipitate formed which was filtered off, washed with icecold water, and dissolved in ether or dichloromethane. The solution was dried (Na 2 SO 4 ), filtered, and the solvent of the filtrate was removed in vacuo to give 1a-m. The synthesis of 1a, b, h-k has been previously reported [17] .
3-(4-iso-Propylphenyldiazenyl)-4-hydroxy-pent-3-en-2-one (1c)
Starting with 4-isopropylaniline (2.7 g, 20.0 mmol), sodium nitrite (1.38 g, 20.0 mmol) and acetylacetone (2.0 g, 20.0 mmol), 1c was isolated as a yellow solid (4.08 g, 83 %); m. 
3-(4-tert-Butylphenyldiazenyl)-4-hydroxy-pent-3-en-2-one (1d)
Starting with 4-tert-butylaniline 
General procedure for the synthesis of 3-aryldiazenyl-4-trimethylsilyloxy-pent-3-en-2-ones 2a-m
To a pentane or dichloromethane solution of 1.0 mmol of 1 was added 1.6 mmol of triethylamine. The solution was stirred for 1 -2 h, and then 1.8 mmol TMSCl was added. The stirring was continued for 3 d. After filtration under argon atmosphere, the solvent was removed in vacuo to give 2a-m. Due to their unstable nature, 2a-m were characterized only by 1 H NMR spectroscopy and used directly after their preparation.
3-(Phenyldiazenyl)-4-(trimethylsilyloxy)-pent-3-en-2-one (2a)
Starting with 1a (3.063 g, 15.0 mmol), NEt 3 
3-(4 -Ethyl)phenyldiazenyl-4-trimethylsilyloxy-pent-3-en-2-one (2b)
Starting with 1b (3.2 g, 13.8 mmol), NEt 3 
3-((4-iso-Propylphenyl)diazenyl)-4-(trimethylsilyloxy)-pent-3-en-2-one (2c)
Starting with 1c (2.461 g, 10.0 mmol), NEt 3 (1.315 g, 13.0 mmol) and Me 3 SiCl (1.630 g, 15.0 mmol) in CH 2 
3-((4-tert-Butylphenyl)diazenyl)-4-(trimethylsilyloxy)-pent-3-en-2-one (2d)
Starting with 1d (2.603 g, 10.0 mmol), NEt 3 
3-(4 -n-Decyl)phenyldiazenyl-4-trimethylsilyloxy-pent-3-en-2-one (2e)
Starting with 1e (2.5 g, 7.3 mmol), NEt 3 (1.6 mL, 11.7 mmol) and Me 3 SiCl (1.7 mL, 13.1 mmol) in CH 2 
3-(4 -Methoxy)phenyldiazenyl-4-trimethylsilyloxypent-3-en-2-one (2f)
Starting with 1f (3.2 g, 13.7 mmol), NEt 3 (3.0 mL, 21.9 mmol) and Me 3 SiCl (3.2 mL, 24.6 mmol) in CH 2 
3-(4 -Methylthio)phenyldiazenyl-4-trimethylsilyloxy-pent-3-en-2-one (2g)
Starting with 1g (3.5 g, 14.0 mmol), NEt 3 
3-(4 -Ethoxycarbonyl)phenyldiazenyl-4-trimethylsilyloxypent-3-en-2-one (2h)
Starting with 1h (3.0 g, 8.6 mmol), NEt 3 (1.9 mL, 13.8 mmol) and Me 3 SiCl (1.98 mL, 15.5 mmol) in CH 2 Cl 2 (50 mL), 2d was isolated as a yellow solid (1.0 g, 33 %). 
3-((4-Chlorophenyl)diazenyl)-4-(trimethylsilyloxy)-pent-3-en-2-one (2i)
Starting with 1i (2.506 g, 10.5 mmol), NEt 3 
3-((4-Bromophenyl)diazenyl)-4-(trimethylsilyloxy)-pent-3-en-2-one (2j)
3-(4 -Trifluoromethoxy)phenyldiazenyl-4-trimethylsilyloxypent-3-en-2-one (2k)
Starting with 1k (3.0 g, 10.4 
3-(3 -4 Dioxolo)phenyldiazenyl-4-trimethylsilyloxy-pent-3-en-2-one (2l)
Starting with 1l (3.0 g, 12.1 mmol), NEt 3 (2.7 mL, 19.4 mmol) and Me 3 SiCl (2.8 mL, 21.8 mmol) in CH 2 Cl 2 (60 mL), 2l was isolated as a brown solid (1.42 g, 37 %). 
3-((3,5-Dimethylphenyl)diazenyl)-4-(trimethylsilyloxy)-pent-3-en-2-one (2m)
Starting with 1m (2.323 g, 10.0 mmol), NEt 3 
General procedure for the synthesis of diaryl-diazenes 3a-aq
To a CH 2 Cl 2 solution (3 ml) of 1.0 mmol of 2a-m was added 1.5 mmol of the 1,3-bis(silyl enol ether). The solution was cooled to −78 • C and 1.1 mmol TiCl 4 was added. The mixture was stirred overnight and was then allowed to warm up to room temperature and poured into an aqueous solution of hydrochloric acid (10 %) and extracted with CH 2 Cl 2 three times. The collected organic layers were dried with Na 2 SO 4 , filtered, and the filtrate was concentrated in vacuo. The residue was purified by chromatography (heptanes-ethyl acetate) to give products 3a-aq. 
Methyl 4,6-dimethyl-5-phenyldiazenyl-3-undecyl-salicylate (3f)
Starting with 2a (276 mg, 1.0 mmol), 4j (622 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 Cl 2 , 3f was isolated as a red oil (154 mg, 35 %). 
iso-Propyl-4,6-dimethyl-5-phenyldiazenyl-salicylate (3g)
Starting with 2a (276 mg, 1.0 mmol), 4g (433 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 Cl 2 , 3g was isolated as a red oil (145 mg, 46 %). 
Methyl 3-(3-chloropropyl)-4,6-dimethyl-5-phenyldiazenylsalicylate (3h)
Starting with 2a (276 mg, 1.0 mmol), 4h (506 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 
Methyl 4,6-dimethyl-5-(4 -ethylphenyl)diazenyl-salicylate (3j)
Starting with 2b (305 mg, 1.0 mmol), 4a (391 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 -UV/Vis (CH 2 
Methyl 4,6-dimethyl-5-((4-iso-propylphenyl)diazenyl)-salicylate (3l)
Starting with 2c (319 mg, 1.0 mmol), 4a (391 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 
Ethyl 4,6-dimethyl-5-((4-iso-propylphenyl)diazenyl)-salicylate (3n)
Starting with 2c (319 mg, 1.0 mmol), 4b (412 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 
Iso-Propyl 4,6-dimethyl-5-((4-iso-propylphenyl)diazenyl)-salicylate (3o)
Starting with 2c (319 mg, 1.0 mmol), 4g (433 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 Cl 2 , 3o was isolated as a red oil (211 mg, 60 %). 
Ethyl 3-(3-chloropropyl)-4,6-dimethyl-5-((4-isopropylphenyl)diazenyl)-salicylate (3p)
Starting with 2c (319 mg, 1.0 mmol), 4h (506 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 
Methyl 4,6-dimethyl-5-((4-tertbutylphenyl)diazenyl)-salicylate (3q)
Starting with 2d (333 mg, 1.0 mmol), 4a (391 mg, 1.5 mmol) and TiCl 4 (0.12 mL, 1.1 mmol) in 3 mL of CH 2 
